We report a low-loss, low-cost high-sensitivity all-fiber strain and temperature sensor based on mode interference in graded-index multimode fibers. Blueshifts with strain and temperature sensitivities of 18.6 pm͞microstrain and 58.5 pm͞°C have been observed. Experimental results show that smaller core diameter graded-index fibers display greater strain-induced peak wavelength shifts than larger core diameter fibers.
Introduction
Fiber-optic sensors have been widely used in a variety of sensing because of their inherent advantages. They are lightweight, compact, resistant to electromagnetic interference, and able to be embedded into other structures. Based on the principle of the operation, fiber-optic sensors can be classified into intensity based, spectrally based, and interferometric fiber-optic sensors, all of which may be implemented with very simple structures in the form of optical fibers or fiber Bragg gratings (FBGs). For example, intensity-based fiber-optic sensors employed optical fibers with a certain portion of modified cladding material 1 for chemical and biochemical sensing, while single-mode FBGs 2 and long-period fiber gratings 3 (LPFGs) are commonly used as spectrally based fiber-optic sensors in strain and temperature sensing. Interferometric fiber-optic sensors are of great interest because of their high sensitivities. Recently, allfiber Mach-Zehnder interferometric sensors 4 -8 based on mode interference have increasingly aroused research interests because they are compact and easy to fabricate. For example, Wang and Farrell 5 proposed an all-fiber multimode-interference-based refractometer for chemical sensor, and Mehta et al. 6 investigated multimode interference-based MachZehnder interferometers (MZIs) for displacement sensors. Temperature sensors were also demonstrated based on all-fiber MZIs, but special fibers, e.g, liquidcrystal-clad fibers 7 or two-mode fibers, 8 were employed, and the devices had relatively high insertion loss.
Here we report a low-cost, low-insertion loss and high sensitivity MZI based on mode interference in a standard graded-index (GI) multimode fiber for both strain and temperature sensing. Such a sensor can be formed by splicing two single-mode fibers to both sides of a GI multimode fiber, where the two splicing points act as two mode couplers. One splicing point couples the fundamental core mode from the single-mode fiber to the different modes in the multimode fiber, and the other recouples them back to the single-mode fiber. Experiments show only two main modes are involved in the interference. Blueshifts (i.e., wavelength shifts to the shorter wavelength side) were observed with sensitivities of 18.6 pm͞microstrain and 58.5 pm͞°C for applied strain and temperature changes, respectively, whereas redshifts (i.e., wavelength shifts to the longer wavelength side) were previously reported in two-mode fibers in Ref. 8 . The insertion loss of the sensor is approximately 0 ϳ 0.5 dB. An extinction ratio of 5 dB was obtained, which depends on the power distribution between the two interfering modes. The wavelength spacing with respect to the fiber lengths and fiber core diameters as well as the polarization dependence are also investigated experimentally.
Theory
As shown in Fig. 1 , both sides of the GI multimode fiber are spliced to single-mode fibers with good alignment. The fundamental mode that propagates along the single-mode fiber will couple into the multimode fiber, and the power will be dominantly distributed in the lowest-order mode while only a small portion of power propagates in the higher-order modes. The different modes will interfere and recouple into the single-mode fiber. When only the first two lowestorder modes are considered, the measured intensity is given by (1) where I 1 and I 2 are the power distributed in the firstand the second-order modes ͑I 2 Ͻ Ͻ I 1 ͒, respectively, I is the measured power, L is the length of the multimode fiber, is the light wavelength in vacuum, ⌬n ϭ n 2 Ϫ n 1 , and n 1 and n 2 are the mode indices. The wavelength spacing ⌬ of the interfering spectrum is given by Eq. (1) as
Clearly, ⌬ is inversely proportional to the length of the multimode fiber. The interfering visibility depends on the power distribution between the two interfering modes. The extinction ratio with respect to the relative power distribution I 2 ͑͞I 1 ϩ I 2 ͒ is shown in Fig. 2 ; when I 2 ͑͞I 1 ϩ I 2 ͒ ϭ 7%, the extinction ratio is approximately 5 dB. A high extinction ratio could be obtained by offsetting the center of the single-mode fiber core with respect to the multimode fiber, in order to obtain two modes with similar amounts of power to interfere with each other. However, this would introduce significant loss to the transmission. When a strain is applied to the multimode fibers or ambient temperature changes, the mode indices and the fiber length will change, and thus the transmission peaks will shift. When the phase in Eq. (1) equals  2N, ͑N ϭ 1, 2, 3, . . .͒ for a wavelength, the transmission reaches its peak value at this wavelength as ϭ ⌬nL͞N.
By differentiating Eq. (3), we have
where, ϭ dL͞L indicates the applied strain. Equation (4) is very similar to the expression that describes the resonance shift of FBGs with respect to the temperature and applied strain. 2 Both the changes of the temperature and the strain contribute to the wavelength shifts. We investigated the sensitivities of the temperature and the strain separately. The crosscoupling effects between the two can be studied similar to FBG sensing, which is beyond the scope of this paper.
Experiment and Discussion
As shown in Fig. 1 , the GI multimode fibers with numerical apertures (NAs) of 0.275 and 0.29 for core͞cladding diameters of 62.5͞125 m and 100͞ 140 m, respectively, were used in our experiment. An Agilent 8614 optical spectrum analyzer (OSA) was used for the measurement. The OSA built-in LED and the white-light source LS-1 tungsten halogen light source were used as light sources. For a GI multimode fiber with a length of 1.8 m, core͞cladding diameters of 100͞140 m and NA of 0.29, the transmission spectrum is shown in Fig. 3 . The transmission loss at the peak wavelength is between 0 and 0.5 dB. The peak wavelength spacing is 5.06 nm, and the extinction ratio is approximately 5 dB, corresponding to 7% of power in the second-order mode. We also investigated the transmission spectrum by using smaller diameter GI multimode fibers. Our experimental results show that the comblike peaks with larger diameter GI multimode fibers have a better extinction ratio, which is attributed to a relatively large percentage of power in the second-order mode.
The peak wavelength spacing with respect to the fiber length is shown in Fig. 4 , inversely propor- tional to the fiber length given by Eq. (2). The dots are the experimental data for fibers with core͞ cladding diameters of 62.5͞125 m, and the triangles for 100͞140 m. The slopes are 11.465 m · m and 7.028 nm · m, respectively. Clearly, a smaller core diameter fiber has a relatively larger coefficient.
When a strain was applied to a GI multimode fiber, we found the comblike peaks have a blueshift with an enhanced sensitivity, as shown in Fig. 5 . GI multimode fibers with core͞cladding diameters of 62.5͞ 125 m and 100͞140 m were used in the experiment. The measured wavelength shifts have a good linear behavior. The strain sensitivities are 18.6 and 9.8 pm͞microstrain, respectively. It is clear that for two GI multimode fibers with close NAs, the smaller core diameter fiber has a higher strain sensitivity. This suggests that a GI multimode fiber with a small core diameter is preferred for applications in sensors. On the other hand, a large core diameter multimode fiber would be desirable for applications as a comb filter in tunable fiber lasers owing to the large extinction ratio and less sensitivity.
The wavelength shifts were also measured with respect to the temperature. We immersed a coiled multimode fiber into a bottle of heated water. The peak wavelength shift with respect to the changes in ambient temperature is shown in Fig. 6 . The dots are the experimental results, and the straight line is the fitted line. The temperature sensitivity is approximately 58.5 pm͞°C. Note that there is some deviation from the linearity in Fig. 6 . One of the reasons is the temperature uniformity during heating and accurate temperature measurements; another factor may be the mode coupling 9 introduced by the minor change of the fiber curvature during heating.
To investigate the polarization dependence, we inserted a polarization controller into the single-mode fiber before the light was coupled to the GI multimode fiber. By tuning the polarization controller, the peak wavelengths have an approximate 0.53 nm shift, corresponding to 55% of peak wavelength spacing, as shown in Fig. 7 . This feature may be used for tuning fiber laser wavelengths when a GI multimode fiber is used as a comb filter.
Conclusion
A simple and high-sensitivity temperature and strain sensor based on mode interference in graded-index multimode fibers has been reported. The strain and temperature characterizations are presented. Blueshifts with enhanced sensitivities of 18.6 pm͞ microstrain and 58.5 pm͞°C were observed. Smaller diameter core fibers have significantly larger strain sensitivity. We also investigated the polarization dependence and found 0.53 nm that corresponds to 55% of wavelength spacing can be tuned by using a polarization controller. Such an interfering effect in graded-index multimode fiber should find useful applications in fiber sensing and tunable multiwavelength fiber lasers for instrumentations and telecommunications.
